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We review a number of highly charged ions which have optical transitions suitable for building 
extremely accurate atomic clocks. This includes ions from Hf 12+ to U 34+ , which have the 4/ 12 
configuration of valence electrons, the Ir 17+ ion, which has a hole in almost filled 4/ subshell, the 
Ho 14+ , Cf 15+ , Es 17+ and Es 16+ ions. Clock transitions in most of these ions are sensitive to variation 
of the fine structure constant, a (a = e 2 /he). E.g., californium and einsteinium ions have largest 
known sensitivity to a-variation while holmium ion looks as the most suitable ion for experimental 
study. We study the spectra of the ions and their features relevant to the use as frequency standards. 

PACS numbers: 06.30.Ft, 06.20.Jr, 31.15.A, 32.30.Jc 


Highly charged ions (HCI) can be used for building a 
new generation of very accurate optical clocks 0 , 1 - This 
may have many technical applications but also clock tran¬ 
sitions in HCI can be used to study fundamental prob¬ 
lems of modern physics such as variation of fundamental 
constants fj], local Lorentz invariance violation 01, 
search for dark matter etc. Having extremely high 
accuracy of the clocks is crucial for these studies. Clocks 
quality factor can be defined as a ratio of clock frequency 
to the value of its perturbations 


Q = Lo/Sio. 


( 1 ) 


Currenf microwave cesium clock, which serves as defini¬ 
tion of metric second, have Q ~ 10 16 0], best optical 
clocks approach Q ~ 10 18 j8HlG| mostly due to larger 
frequency. Further progress can be achieved by using op¬ 
tical transitions in HCI 00- HCI are less sensitive to 
perturbations due to thier compact size. Therefore, qual¬ 
ity factor Q = lu/Suj can be larger than in neutral atoms 
due to smaller 6u>. In this paper we review some recent 
proposals for very accurate atomic clocks based on HCI 
and thier use for the search of time variation of the fine 
structure constant. 


TABLE I: Electric quadrupole (E2) clock transition. 
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FIG. 1: Low-lying energy levels of Os 18+ . 


I. THE 4/ 12 IONS. 

Optical transitions in HCI can be easily found be¬ 
tween states of the same configuration. All such transi¬ 
tions must be even-parity transitions. Even electromag¬ 
netic transitions include magnetic dipole (Ml), electric 
quadrupole (E2), and higher-order transitions. Magnetic 
dipole is usually too strong to be used in clock transitions. 
Accuracy of the clocks would be limited by natural width 
of the line. On the other hand, higher-order transitions 
are too weak and not very conveniet to work with. The 
best candidates seem to be electric quadrupole transi¬ 
tions (E2). The E2 transitions suitable for the use as 
clock transitions can be found in configurations consist¬ 
ing of two identical electrons or holes in an almost filled 
subshell (see Table G}. 

The best candidates seems to be the ions with the 4 
configuration of valence electrons in the ground state 
All HCI from Hf 12+ to U 34+ fell in this category. Typical 
energy diagram is presented on Fig. [T] for Os 18+ . 

There is an electric quadrupole clock transition be¬ 
tween the 3 H 6 and 3 F 4 states as well as magnetic dipole 
transitions from both ground and clock states, which can 
be used for cooling and/or detection. 
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FIG. 2: Clock states of Bi 25+ , including hiperfine structure. 



FIG. 3: Clock states of Os 18+ , including Zeeman spliting. 


Both states of the clock transition have non-zero 
quadrupole moments, which make them sensitive to gra¬ 
dients of electric field. This may affect the accuracy of 
the clock if not addressed. There are different ways to 
deal with the problem. One is by using the hyperfine 
structure (hfs). If we take an ion with non-zero nuclear 
moment, there is a good chance to find hyperfine states 
with almost identical quadrupole energy shift in upper 
and lower states [l]. Then the shifts cancell each other in 
the frequency of the transition (see diagram for 209 Bi 25+ 
on Fig. 0. 

This way of dealing with the quadrupole shift has 
a shorcoming, relatively high sensitivity to the second- 
order Zeemen shift. This is due to enhancement of the 
shift by small energy denominators, which are the hfs 
intervals. 

Another way of dealing with the problem is by choosing 
isotopes with zero nuclear spin (and no hyperfine struc¬ 
ture) [2|. Here one can make a combination of frequencies 
between different Zeeman states, which is not sensitive to 
the electric qudrupole shift, see Fig. [3] One has to know 
the ratio of quadrupole moments of the two clock states 
to find the right combination [2|. Magnetic field is to 
be used to separate Zeeman states. First order Zeeman 
shift cancells out in the transition with the same value 
but opposite sign of the projection M of the total anglu- 
lar momentum J. Second-order Zeeman shift is small. 


II. SEARCH FOR VARIATION OF THE FINE 
STRUCTURE CONSTANT. 


The possibility of the fundamental constants to vary is 
suggested by theories unifying gravity with other funda¬ 
mental interactions (see, e.g. jUl). The study of quasar 
absorption spectra indicates that the fine structure con¬ 
stant a (a = e 2 /Tic) may vary in space or time. In this 
study a quasar serves as a powerful source of light in wide 
range of spectra. Part of this light is absorbed on the way 
to Earth by a gas cloud brining to Earth informations 
about atomic spectra billions of years ago. When all the 


differencies in the quasar absorption spectra and atomic 
spectra obtained in the laboratory are significantly re¬ 
duced by adjusting the value of just one parameter, the 
fine structure constant, this is considered as evidence of 
slightly different value of a at distant past (or at long 
distance). The analysis of huge amount of data coming 
from two telescopes, Kerk telescope in Hawaii and VLT 
in Chile, reveals that a may vary on astronomical scale 
along a certain direction in space forming the so called 
alpha-dipole [12] 

— = (1.1 ±0.2) x 1(T 6 Gly -1 tcos0, (2) 
a 

where r and 9 are the coordinate of a point in space in 
the framework of alpha-dipole. 

Earth movements in the framework of alpha-dipole 
leads to time variation of a in laboratory fl3| 

— ^ = ri.35 x 10 _18 cosi/ , + 
a dt L 

1.4 x 10~ 2 ° cos cut] y _1 « 10 _19 y _1 . (3) 

Here ip is the angle between alpha-dipole and direction 
of Sun movement, (cosip « 0.07); second oscillating term 
in <[3j) is due to Earth movement aroud Sun. 

So small rate of change suggests that the most pre¬ 
cise atomic clocks are probably the only adequate tools 
for detecting it. Indeed, the best current limit on the 
time-variation of a comes from comparing Al + and Hg + 
optical clocks over long period of time [14|, 

—- 7 T- = (—1-6 ±2.3) x 10 _17 y _1 . (4) 

a at 

The accuracy of the most presice optical clocks ap¬ 
proaches the level of 10~ 18 [8 h 1(|. However, it doen’t 
immediately lead to similar sensitivity to variation of a. 
The relative change in clock frequency due to variation 
of a can be expressed as 


1 dui 1 da 
u dt X a dt 1 


( 5 ) 
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where K is electron structure factor which comes from 
atomic calculations. It turns out that for best optical 
clocks K < 1 (K = 0.31 for Yb, K = 0.062 for Sr [ 0 , 
and K = —0.3 for the / 12 ions considered above). There¬ 
fore, we need to search for systems, which have all fea¬ 
tures of best atomic clocks but also sensitive to variation 
of a , i.e., K 1. 

It is convenient to present dependence of atomic fre¬ 
quencies on a in a form 


lo = uj 0 + q 


(a/a 0 ) 2 - 1 


( 6 ) 


where q is the electron stucture factor describing rela¬ 
tivistic frequency shift. Comparing © with Jo]) leads to 
K = 2q/ujo■ There are two ways of searching for large 
K , look for large frequency shift q , or look for small fre¬ 
quency ujq. The best known example of the second kind 
is dysprosium atom, which has a pair of deg enerate states 
of opposite parity for which K ~ 10 8 ]16|. This pair of 
states was used indeed in the search for time-variation of 
the fine structure constant a E3- The result 

-^ = (-5.8 ±6.9) x 10- 17 y _1 - (7) 

a at 

puts slighly weaker limit on time variation of a than 
the Al + /Hg + clocks J4]). This is in spite of huge rela¬ 
tive enhancement for Dy and almost no enhancement for 
Al + /Hg + . The reason is that the degenerate states of 
dysprosium lack the features of an atomic clock transi¬ 
tion, e.g. one of the states is pretty short-living. There¬ 
fore, what is gained on the enhancement is lost on the 
accuracy of frequency measurements. 

In this work we study another possibility. Keep uiq 
in optical region to take full advantage of extremely ac¬ 
curate optical clocks, and find systems with large rela¬ 
tivistic energy shift q. To see where such systems can be 
found, it is instructive to use an analitical estimate for 
relativistic energy shift 0 

< 8 > 

where v is the effective principal quantum number ( E = 
— 1/2zA), Z is nuclear charge, j is total angular electron 
momentum, and C is semi-empirical factor to simulate 
many-body effects in many-electron atoms (C ~ 0.6). 
Relativistic frequency shift for a transition between states 
a and b is given by q = A E a — AEi,. One can see from 
(|8|) that large frequency shift q can be found in heavy 
(large Z) highly charged ions, where E ~ {Zi ± l) 2 {Zi 
is ionization degree), in transitions, which correspond to 
s — f or p — f single-electron transitions (largest change 
of j) 0. One problem here is that such transitions are 
usually not optical since energy intervals grow very fast 
with ionization degree Zi (A E ~(Z, + 1) 2 ), The solution 
comes from level crossing [3j, I19l 20]. Since state ordering 
in neutral atoms and hydrogen-like ions is different, there 
are must be change in ordering of s and / or p and / 


states at some intermediate ionization degree. In the 
vicitity of level crossing the frequencies of corresponding 
transitions are likely to be in optical region 0- 

A number of optical transitions in HCI sensitive to 
variation of the fine structure constant were considered 
in Ref. ['A I20i - l23| . However, most of these transitions lack 
some features of atomic clock transitions, which limit the 
accuracy of frequency measurements. Important ques¬ 
tions of ions traping and cooling, preparation and detec¬ 
tion of states, etc. were also not discussed. All these 
questions were first addressed in recent paper (24|. In 
particular, the criteria for good clock system, sensitive to 
variation of a, were formulated. The main points include: 
(a) In terms of single-electron transitions, the clock tran¬ 
sition is as — f or p— f transition. This makes it sensitive 
to the variation of a. (b) the frequency of the transition 
is in optical region (5000 cm -1 < tuo < 43000 cm -1 , or 
230 nm < A < 2000 nrn). (c) This is a transition bewteen 
ground and a metastable state with lifetime between 100 
and 10 4 seconds, (d) There are other relatively strong 
optical transitions with transition rate > 10 3 s _1 . (e) 
The transition is not sensitive to perturbations such as 
gradients of electric field, Zeeman shift, black-body radi¬ 
ation shift, etc. 

A very promising systems is the Ho 14 " 1 " ion [24[. It 
has following features: (a) Clock transition between the 
4/ 6 5s 8 F 1./2 and 4/ 5 5s 2 6 Hgy 2 states is sensitive to vari¬ 
ation of alpha (the 4/ — 5s transition), (b) It is opti¬ 
cal transition (A s=s 400 nm). (c) It is a narrow transi¬ 
tion from ground state to a metastable state, (d) There 
are electric dipole (El) and magnetic dipole (Ml) tran¬ 
sitions from both ground and clock states, (e) The clock 
transition can be made insensitive to gradients of electric 
field, which are coupled to atomic quadrupole moment. 
This can be done by proper choice of the values of the 
total angular momentum F (including nuclear spin /, 
F = J ± I) and its projection M. Quadrupole shift dis¬ 
appears for F = 3 and M = 2 since it is proportional 
to 3 M 2 — F(F ± 1). Experimental work with the Ho 14+ 
ions is in progress at RIKEN jUj. 

There must be at least two clocks to register variation 
of alpha since such variation can only be unambiguously 
detected in a dimensionless ratio of two frequencies. A 
good option is to have one clock transition, which is sen¬ 
sitive to variation of a and another, which is not. Note 
that cesium clock is not good enough if we want rela¬ 
tive accuracy of the order 10 -18 . A good option might 
come from the use of HCI with the 4/ 12 configuration of 
valence electrons considered in section III e.g. the Os 18+ 
ion. Comparing the Ho 14+ and Os 18+ clocks provides 
high sensitivity to variation of alpha (K ss —18). 

Another option is to use the Ir 17+ ions. Clock transi¬ 
tions in these ions involve hole states in the 4/ subshell 
which leads to extra enhancement of the sensitivity of 
clock frequencies to variation of the fine structure con¬ 
stant [20]. A diagram for few lowest states of Ir 17+ is 
presented on Fig. [4] The energies and sensitivety coeffi¬ 
cients for clock states of Ir 17+ ions are presented in Ta- 
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FIG. 4: Low-lying energy levels of Ir 17+ . 


TABLE II: Excitation energies ( E , cm -1 ), sensitivity factors 
( q , cm -1 ), and enhansement factors (K = 2 q/E) for the clock 
states of Ir 17+ ion. 


N 

Conf. 

Term 

E 

q 

K 

1 

4/ i 4 5s 

7 f 1 

0 

0 

0 

2 

4/ 14 

1 So 

5000 

370000 

150 

3 

4/ 12 5s 2 

3 h 6 

30000 

-390000 

-26 


ble [TT] Note, that the ion has two clock transitions which 
have different sensitivity to variation of a. If the ratio of 
two frequencies is measured, the combined sensitivity is 
very large 


d , to 2 , , 1 da 1 da 

or in — = (K 2 - Ab) = -176- — . (9) 

ot uji a ot a ot 


Experimental work with Ir 17+ ions is in progress at Max 
Planck Institute (26j | . 


It has been mentioned above that we are looking for 
systems with large sensitivity coefficients q and clock fre¬ 
quency to beeing in optical region so that the enhance¬ 
ment factor I\ (K = 2 q/u) is large due to large q rather 
than small w. The largest sensitivity factors found so 
far are in the Cf 1 ' + and Cf 16+ ions [27;]. However, both 
these ions are not very convenient for the use as atomic 
clocks. The Cf 17+ ion has only one optical transition 
other than clock transition. This is a magnetic dipole 
transition between ground 5 f 5 / 2 state and excited 5 / 7/2 
state. It is weak due to small frequency of the transition. 
This makes it difficult working with the ion. The Cf 16+ 
ion has only one metastable excited state which can serve 
as a clock state. The transition between ground 5/6p 1 F 3 
and metastable 6 p 2 1 So states is the magnetic octupole 
(M3) transition. It is so weak that its use as clock tran¬ 
sition is very problematic. 

It turns out that good clock transitions exist in the 
Cf 15+ ion as well as in the Es 16+ and Es 17+ ions. The 
main parameters of the ions and corresponding clock 
transitions are summarized in Table uni Note that both 
elements have only unstable isotopes. However, many 
isotopes have very long lifetime (see, e.g. Table Hill) . The 
choice of isotopes in Table m is dictated by two con¬ 
siderations. First, it is a long-living isotope. Second, 
nuclear spin I has such a value that it is always possible 
to have F = 3, M = 2 for both states in the clock tran¬ 
sition. Here F = I + J is the total angular momentiom 
of the ion and M is its projection. States with F = 3 
and M = 2 have zero quadrupole moment and are not 
sensitive to gradients of electric field. 

The authors are gratefull to H. Katori and M. Wada 
for useful discussions. The work was supported by the 
Australian Research Council. 
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TABLE III: Long-living isotopes of Cf and Es and clock transitions in Cf 15+ , Es 17+ and Es 16+ . 
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